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aberration in the lens blurs the focal spot, thereby reducing incident fluence 
levels over the prior art configurations. To further reduce peak fluence 
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placed at the point where the cross sectional area of the laser beam is 
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© Meniscus lens for coupling an excimer beam into an optical fiber. 



© An optical fiber coupling system is described 
including a laser for generating a laser beam through 
a lens having spherical aberration. The spherical 
aberration in the lens blurs the focal spot, thereby 
reducing incident fluence levels over the prior art 
configurations. To further reduce peak fluence levels, 
a small obscuration is placed between the laser 



beam and the lens near the center of the lens. The 
incident end of the optical fiber is then placed at the 
point where the cross sectional area of the laser 
beam is smallest, which is closer to the lens than 
both the location of peak fluence and the paraxial 
focal point. 
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MENISCUS LENS FOR COUPLING AN EXCIMER BEAM INTO AN OPTICAL FIBER 



Background of the Invention 



1. Field of the Invention 

This invention relates to optical couplers. More 
particularly, this invention relates to meniscus len- 
ses to couple excimer beams into optical fibers. 

2. Description of Related Art 

The ability to couple the beam from a particu- 
lar excimer laser source into an optical fiber de- 
pends on the fluence of the excimer laser beam 
being less than the ffuence damage threshold of 
the fiber itself. For fused silica fibers, for example, 
an incident excimer beam of fluence greater than 
1000 m Joule/mm 2 may damage the fiber when 
coupled into the fiber end. 

With an ideal excimer laser beam having a 
uniform fluence across the incident end of the 
optical fiber, the beam fluence could be simply 
adjusted to be less than the 1000 m Joule/mm 2 
damage threshold of the incident end of the fiber. 
Actual excimer laser beams, however, do not have 
a uniformly distributed output, resulting in some 
portions of the cross sectional output of the ex- 
cimer beam having very high fluence levels relative 
to other portions of the excimer beam. These peak 
fluence levels within the excimer beam may be due 
to beam nonuniformity in the lasing operation or 
may be due to the sharpness of focus by a cou- 
pling lens used in conjunction with the excimer 
beam and the optical fiber. 

Traditionally, a plano-convex lens was used to 
couple an excimer laser beam into an optical fiber. 
The plano-convex lens converges the excimer 
beam passing through the lens into an infinitesimal 
area containing substantially al! the excimer energy 
generated by the laser. The laser energy was thus 
highly concentrated near the lens focal point, creat- 
ing potentially damaging fluence levels should the 
incident end of the optical fiber be placed at the 
lens focal point. Due to the expectation of high 
fluence levels in the traditional coupling system, 
the fiber was restricted to remain away from the 
focal point to prevent fiber damage. 

Homogenizing the fluence levels at the incident 
end of the optical fiber would permit energy cou- 
pling with less possibility of fiber damage. Accord- 
ingly, an apparatus and method are needed to 
reduce the peak fluence levels in the excimer 
beam energy distribution so a fiber capable of 



accepting a high level of excimer energy may be 
coupled into an excimer laser beam without being 
subjected to fluence levels greater than the dam- 
age threshold of the fiber as prior couplers allowed. 

5 Goldenberg, U.S. 4,732,448 discloses a laser- 

fiber coupler with a collimated laser beam entering 
a plano-convex lens before being directed into a 
lensed end of a quartz fiber. In this disclosure, the 
plano-convex lens converges the laser energy into 

io a sharp focal point near the fiber such that the 
cross sectional area of the converged beam is 
ideally infinitely small at the focal point. With the 
high laser energy directed into a small cross sec- 
tional area, the fluence levels at the focal point may 

is far exceed the damage threshold of the fiber. To 
accommodate, Goldenberg teaches that the fiber 
should be positioned to accept the converged 
beam at a distance farther from the plano-convex 
lens than its focal point. At this distance, the in-* 

20 cident end of the fiber sees the converged beam 
as originating from a point source at the focal point. 
Past the focal point, the laser beam diverges until it 
reaches the incident end of the fiber, which in- 
cludes a lens either integral with the fiber or at- 

25 tached to a plane surface of the fiber to recollimate 
the diverging laser beam within the core of the 
fiber. 

Focusing the beam with a plano-convex lens 
may cause a sharp focus spot with high enough 

30 ffuence levels to damage the incident end of the 
fiber. The laser energy passing through the plano- 
convex lens is heavily distributed in the central 
region of the incident laser spot. Since the total 
energy coupling capability of the fiber is limited by 

35 the peak fluence level in the central region of the 
nonuniform incident laser spot, the higher fluence 
level in the central region of the incident spot, 
created by the planoconvex lens coupling, forces 
the user to move the fiber beyond the focal point 

40 such that the focal spot is external to the fiber. 



• Summary of the Invention 



45 

The present invention redistributes the laser 
beam fluence profile to soften the peak fluence 
spots by spreading the laser energy over the in- 
cident end of the fiber to maintain the modified 
so peak fluence levels below the damage threshold of 
the optical fiber. 

To accomplish this objective, a substantially 
collimated excimer laser beam is passed through a 
meniscus lens before meeting the incident end of 
an optical fiber. The meniscus lens contains suffi- 
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cient spherical aberration to blur the focal spot and 
reduce the peak fluence levels at the incident end 
of the optical fiber. The focal spot formed by the 
meniscus lens consists of the energy from the 
outer portions of the laser beam profile folded into 
the inner portions to more uniformly distribute the 
energy within the focal spot. 

in addition, high fluence levels caused by para- 
xial focussing of the central region of the incident 
laser beam on the lens may be reduced by bloc- 
king a small percentage of the laser energy near 
the central region of the energy profile using a 
small obscuration. The size of the obscuration may 
be small relative to the cross sectional area of the 
laser beam since the spherical aberration in the 
meniscus lens preliminarily reduces the fluence by 
blurring the focal spot such that the reduction in 
peak fluence attributable to the obscuration may be 
minimized. Accordingly, power coupling efficiency 
is only slightly reduced by including the small 
obscuration. 

The meniscus lens may be used alone to re- 
distribute the laser energy profile into one having a 
more uniform cross section and to reduce fluence 
levels. Simply changing a plano-convex lens cou- 
pler to a meniscus lens coupler with spherical 
aberration will reduce peak fluence levels between 
the laser and fiber. The yet remaining fiber damag- 
ing central fluence caused by paraxial focussing is 
reduced below fiber damage threshold by including 
a small obscuration in the path of the laser beam 
entering the meniscus lens. In this manner, the 
possibility of fiber damage is reduced over the 
prior art, regardless of the fiber position relative to 
the focal spot. 



Brief Description of the Drawings 

In accordance with these and other objectives 
which will become apparent, the present invention 
will now be described with particular reference to 
the accompanying drawings, in which: 

FIGURE 1 is a cross sectional view of the 
meniscus lens according to one embodiment of 
the present invention; 

FIGURE 2 is a cross sectional view of the op- 
tical fiber and laser beam; 
FIGURE 3 ts a graph illustrating the relationships 
between peak coupling efficiency and transverse 
spherical aberration, with an obscuration and 
without an obscuration; 

FIGURE 4 is a graph illustrating the relationship 
between peak fluence level and back distance; 
FIGURE 5 is a graph illustrating the relationship 
between the ray height in the laser aperture and 
the ray height at a given back distance for rays 
parallel to the optical axis; and 



FIGURE 6 is a graph illustrating the relationship 
between the percentage of energy coupled and 
the back distance. 

5 

Detailed Description of the Presently Preferred Em- 
bodimeTits 



70 FIGURE 1 illustrates one embodiment of the 

present invention which is designed to remedy the 
nonuniforms/ in the laser profile and to prevent 
destruction of the input end of a silica fiber be- 
cause of fluence levels above the silica fiber dam- 

15 age threshold. Throughout this disclosure, including 
the claims, references to "fiber" should be con- 
strued to mean either a single fiber or a fiber 
bundle. 

A meniscus lens 10 includes an input surface 

20 12 which may be convex. and an output surface 14 
which may be concave. The meniscus lens may be 
a single lens including the above input and output 
surfaces or may be multiple lenses. 

The meniscus lens defines an optical axis 16 

25 running through the center of the lens. A circular 
obscuration 18 may be centered at a position on 
the axis, adjacent to the meniscus lens. The ob- 
scuration may be a shape other than circular and 
be located off center of the axis 16. Further, the 

30 obscuration may be adjacent to the meniscus lens, 
with or without touching the meniscus iens, or may 
be integral with the lens. 

An excimer beam generator 20 directs an ex- 
cimer beam at the obscuration and lens combina- 

35 tion, along the axis 16. The excimer beam gener- 
ator 20 may be an excimer laser and iens system 
or may be any means for producing a laser beam 
which will be known to those of ordinary skill in the 
art. 

40 The generator 20 produces an excimer laser 
beam 30 directed toward the obscuration 18 and 
input surface 12 of the meniscus lens 10. The 
meniscus lens has sufficient spherical aberration so 
the excimer rays 34 passing through the meniscus 

45 lens 10 near the peripheral edge of the lens are 
sharply converged, as shown as rays 34 in Figure 
1, and additional rays 36 passing through the 
meniscus lens 10 nearer the center of the lens 10 
are less sharply converged, as shown as rays 36 

so in Figure I. The excimer beam 30 is the composi- 
tion of all rays parallel to optical axis 1 6 encounter- 
ing the meniscus lens and thus, the beam exiting 
the lens 10 is a compilation of rays converging at 
differing rates. The resultant beam exiting the 

55 meniscus lens 10 is not characterized by a sharp 
focal point, but, instead is characterized by a loca- 
tion along the axis 16 where the cross sectional 
area of the sum of all the differently converging 
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rays is minimized. Rather than forming a sharp 
focal point, the differently converging rays exiting 
the meniscus lens are mixed, or folded onto each 
other, as they exit the meniscus lens, creating less 
intense fluence peaks than the plano-convex ar- 
rangement which converges the rays passing 
through all locations of plano-convex lens toward a 
single focal point. 

The tack of ability of the meniscus lens to have 
a common focal point for the various rays parallel 
to the axis 16 before passing through the lens, 
blurs the cumulative focal spot of the coupled 
energy beam and redistributes the energy con- 
centration into a larger area than a focussed beam 
from a plano-convex lens. The blurring effect re- 
duces peak fluence levels thereby reducing the 
possibility of fiber damage. In addition, the 
meniscus lens 10 effectively modifies the energy 
profile in the focussed region by folding the energy 
in the peripheral regions of the laser beam profile 
into the central region of the energy profile. Thus, 
energy which would normally be projected into the 
heavily concentrated central region of the energy 
profile by a plano-convex lens is redirected to the 
less concentrated peripheral regions of the energy 
profile by the meniscus lens configuration de- 
scribed above. The result is a more uniform energy 
distribution at the point where the energy is coup- 
led into the optical fiber end. The fact that a true 
laser beam has divergence further spreads the 
energy in the focal spot. 

Referring to FIGURE 2, the end 42 of optical 
fiber 40 is most advantageously placed at the point 
where the cross sectional area of the exiting beam 
is minimized, as shown in FIGURE 2. Ideally, op- 
tical fiber 40 has an internal core diameter D3 
which matches the minimum cross sectional diam- 
eter of the exiting laser beam. The distribution of 
laser energy within the minimum cross section of 
the beam exiting from the meniscus fens will have 
reduced peak fluence levels compared to a beam 
exiting from a planoconvex lens, thus permitting a 
greater level of laser energy to be coupled into a 
fiber end without high fluence fiber damage. 

!n some instances, damagingly high fluence 
levels will remain in the central region of the en- 
ergy profile after using the meniscus lens with 
spherical aberration. Since the meniscus lens will 
blend the collimated rays that enter the lens, the 
area of collimated rays which contribute to the high 
fluence central region will be relatively small com- 
pared to the remaining cross sectional area of the 
collimated beam which will not significantly contri- 
bute to the high fluence central region. A small 
obscuration 18 relative to the diameter of the 
meniscus lens 10 and collimated beam 30 will 
adequately reduce the peak fluence in the central 
region of .the exiting beam without significantly re- 



ducing the total beam energy being coupled into 
the fiber since meniscus fens 10 itself is already 
substantially redistributing the high fluence portions 
of the energy profile into the lower fluence portions 

5 of the energy profile. Accordingly, only a small 
obscuration 18, near the central axis of the lens 10 
and collimated beam will prevent accumulation of 
laser energy near the high fluence region along the 
central axis. The same is not true for piano-convex 

w lens couplers. Since the plano-convex lens sharply 
focuses the rays exiting the lens into a common 
focal point, a very large obscuration relative to the 
size of the piano-convex lens and collimated beam 
would be necessary to reduce the number of rays 

15 contributing to the high fluence portions in the 
region of the common focal point The large ob- 
scuration would so deplete the energy being coup- 
led into the fiber that sufficient energy efficiency 
with the obscuration would not be attained. 

20 An exemplary configuration of the laser 20, 
meniscus lens 10 and optical fiber 40 is described 
below with reference to FIGURES 1 and 2. 

A collimated laser beam 30 having a cross- 
sectional diameter, D1, of approximately 20mm is 

25 incident on a positive meniscus lens with focal 
length varying from 50 to 150 mm. A circular 
obscuration 18 has a diameter varying from 4 to 8 
mm and is centered on the optical axis at the input 
side 12 of the lens 10. An optical fiber 40 is 

30 positioned with its incident end 42 positioned at the 
point where the cross sectional area of the exiting 
beam is smallest, as shown in FIGURE 2. The 
point where the cross sectional area of the exiting 
beam is smallest occurs at a location, L, between 

35 the meniscus lens 10 and the paraxial back focal 
point, F, and along the optical axis 16 such that the 
focal point, F, of the meniscus lens 10 lies within 
the interior of the optical fiber 40. 

The physical characteristics of the lens and 

40 obscuration in the structure of FIGURE 2 depend 
on the type and size of fiber used. For example, a 
fiber 40 having a core 44 with an internal core 
diameter, D3, of 800 microns ideally requires the 
exiting beam to have a minimum cross sectional 

45 diameter equal to 800 microns to spatially fit all the 
exiting beam into the fiber end 42. Given the 800 
micron minimum cross sectional diameter of the 
exiting beam, the meniscus lens may be designed 
to create the necessary amount of spherical ab- 

50 erration in the- incident beam 30 to prevent sharp 
focusing and to obtain the requisite 800 micron 
minimum cross sectional diameter. 

Designing the optical coupling system to 
achieve the objectives described above involves 

55 optimizing the size of the obscuration used to block 
a portion of the laser energy with the extent of 
spherical aberration induced by the meniscus lens 
to maximize the energy coupling efficiency and to 
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maximize the peak energy coupling capacity of the 
laser beam into the optical fiber. FIGURE 3 illus- 
trates that the peak coupling efficiency is depen- 
dent on the spherical aberration induced by the 
meniscus lens 10. Equally, the peak coupling effi- 
ciency is dependent on the size of any obscuration 
placed in the path of the collimated beam entering 
the meniscus lens. As illustrated in FIGURE 3, the 
coupling efficiency has an identifiable peak value 
for a given obscuration si.ze, from which the de- 
gree of spherical aberration designed into the 
meniscus lens may be determined. The ideal 
amount of spherical aberration in the lens 10 may 
thus be determined by choosing the spherical ab- 
erration which optimizes peak coupling efficiency 
for the particular obscuration size used in the cou- 
pler. 

The size of the obscuration may be determined 
by reference to FIGURES 4 and 5. FIGURES 4 and 
5 are characteristics of a meniscus lens of fused 
silica having an incident surface convex toward the 
laser of 23 mm radius and an opposite surface 
concave toward the laser of 34.51 mm radius. The 
lens has a focal length of 116.5 mm for an excimer 
laser wavelength of 308 nm, a paraxial back focal 
distance, F, of 103.7 mm and is 20 mm in diam- 
eter. FIGURE 4 illustrates the peak fluence level at 
a back distance, D, from the (ens, along the back 
axis 16, when the intrinsic laser divergence is in- 
cluded. The curves illustrate, for example, that with 
incident laser energy of 1 mJouie, the peak fluence 
level for the lens, without an obscuration, is ap- 
proximately 167 m Joule/mm 2 and occurs at a back 
distance, D, of approximately 102.7 mm. At the 
paraxial focal point, F, 103.7 mm, the peak fluence 
level is approximately 60 mJoule/mm 2 . FIGURE 4 
also illustrates that an obscuration of 7.3 mm - 11 
mm significantly reduces the peak fluence value 
from 167 m Joule/mm 2 to 60 m Joule/mm 2 or less. 

FIGURE 5 illustrates the concentration of laser 
energy along the optical axis 16 of Figure 1. The 
ordinate is the distance between a parallel ray 
incident to the meniscus lens and the optical axis. 
A ray at the peripheral edge of the 20 mm diam- 
eter lens is described at the top of the ordinate 
axis, "10 mm" from the optical axis, while a ray 
directly on the optical axis is described at the 
bottom of the ordinate axis, "0 mm" from the 
optical axis. The abscissa is the height of the once 
parallel ray to the optical axis line at a back dis- 
tance, D, from the lens, after the ray is converged 
by the meniscus lens. The respectively converged 
rays, originated from particular parallel rays, will 
eventually cross the optical axis and begin diverg- 
ing from the optical axis. A negative value on the 
abscissa indicates that the ray height at the given 
back distance, D, is a measurement of the rays 
after they cross the axis 16, while they are diverg- 



ing from the axis 16, and a positive value indicates 
that the ray height at the given back distance, D, is 
a measurement of the rays before they cross the 
axis 16, before they begin diverging. 

5 For example, at the paraxial focal distance, 

103.7 mm from the lens, FIGURE 4 illustrates that 
an unobscured lens will create approximately 60 
mJoule/mm 2 peak fluence for each 1 mJouie of 
energy generated by the laser, when the intrinsic 

70 laser divergence is included. An indication of how 
the 60 mJoule/mm 2 peak fluence is related to the 
laser profile may be identified from FIGURE 5. 
FIGURE 5 illustrates that the original laser rays 
parallel to optical axis 16 contained within, for ex- 

75 ample, a 6 mm cross sectional spot of the laser 
beam ("3 mm" from the optical axis on the or- 
dinate axis) are concentrated into a 50 urn diam- 
eter cross sectional spot ("-25 urn" from the op- 
tical axis on the abscissa) at the paraxial focal 

20 point, 103.7 mm from the lens. Thus, the center 6 
mm diameter of the laser profile contributes to the 
60 mJoule/mm 2 of peak fluence which is likely to 
be concentrated into a 50 urn diameter cross sec- 
tional spot at the paraxial focal point, assuming the 

25 laser beam is perfectly collimated. Since the laser 
has some intrinsic divergence and is thus not per- 
fectly collimated, additional energy will fall into the 
50u area to bring the fluence up to the 60 
m Joule/mm 2 level. 

30 The ultimate effect identified in the above ex- 

ample is 60 mJoule/mm 2 fluence at the paraxial 
focal point 103.7 mm from the meniscus lens. If a 
plano-convex lens was substituted for the meniscus 
lens, energy from the entire laser beam would 

35 ideally be concentrated into an infinitesimal cross 
sectional focal spot. The concentration of energy 
per area is clearly higher for the plano-convex 
configuration than for the meniscus lens configura- 
tion since a higher energy level is being directed 

40 into a smaller cross sectional area in the plano- 
convex case. Thus, some reduction in the fluence 
levels is obtained by simply replacing the plano- 
convex lens with a meniscus lens having spherical 
aberration. 

45 As mentioned above, the fluence level reduc- 

tion using the meniscus lens may be additionally 
improved by inserting obscuration 18 in the path of 
the laser beam entering the meniscus tens. The 
size of the obscuration may be determined by 

so reference to FIGURE 5. In a lens with little spheri- 
cal aberration, such as a plano-convex lens, the 
curve of FIGURE 5 corresponding to the focal 
length would be nearly vertical at the point "0" on 
the abscissa. At a back distance equal to the focal 

55 length of the plano-convex system, all original rays. 
0 mm - 10 mm from the optical axis, would con- 
verge into an infinitesimal area. This concept in- 
dicates why an obscuration is ineffective in the 
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plano-convex situation. Since all rays in the 20 mm 
diameter spot of the original laser beam are fo- 
cused into an infinitesimal spot, to reduce the 
fluence level at that single spot requires a large 
portion of the 20 mm diameter of rays to be 
blocked from encountering the infinitesimal spot. 
For each additional portion of rays in the original 
20 mm diameter which are permitted to pass 
through the lens, correspondingly more fluence is 
created in the infinitesimal spot. Since each ray 
passing through the lens contributes to the fluence 
level at the focal spot, the amount of rays passing 
through the lens must be cut back to the point 
where the power loss due to the obscuration is so 
significantly reduced that a reasonable power cou- 
pling efficiency cannot be maintained. 

In general the amount of energy significantly 
contributing to the high fluence levels can be deter- 
mined by the substantially vertical orientation of the 
focal length curve of FIGURE 5. For the situation 
shown in FIGURE 5, an approximately 2mm radius 
of the central portion of the laser beam contributes 
to the peak fluence. Accordingly, if a 4mm diam- 
eter of the original laser energy were blocked, a 
substantial reduction in peak fluence at the focal 
point would be realized. Thus, as shown in FIGURE 
5, a small reduction in the laser energy encounter- 
ing the central region of the spherically aberrated 
meniscus lens will substantially reduce high 
fluence levels caused by sharp focusing. 

The preferred embodiment of the present in- 
vention is thus conducive to the use of an obscura- 
tion to block the bulk of laser power contributing to 
the peak fluence levels, without losing excessive 
power coupling efficiency. As shown in FIGURE 5, 
the curve associated with the paraxial focal point, 
103.7 mm, is not perfectly vertical, but curves 
toward (negatively) larger beam "spots" for the 
more peripherally located original beams. While the 
original, substantially collimated rays within a cen- 
tral spot of 4 mm diameter (0 - 2 mm from the 
optical axis on the ordinate) are focused into a 
sharp focal spot of approximately 0 um at the 
paraxial focal distance 103.7 mm from the lens, 
and thus substantially contribute to a central, high 
fluence spot in the beam cross section at a back 
distance of 103.7 mm, the original rays closer to 
the periphery of the lens (7-10 mm from the 
optical axis on the ordinate) are converged into a 
relatively large spot of greater than 800 um diam- 
eter (-400 um from the paraxial line) at the paraxial 
focal distance. Thus, unlike the plano-convex case, 
the meniscus lens does not focus all rays passing 
at all radial distances on the lens to a single focal 
point, but, instead focuses each circle of rays pass- 
ing through the meniscus lens at a given radius 
toward a different point along the optical axis. This 
characteristic allows the obscuration in the 



meniscus lens apparatus to reduce the peak 
fluence levels at the incident end of the optical 
fiber without significantly reducing peak coupling 
efficiency. 

s As shown in FIGURE 5, the rays parallel to the 

optical axis and passing through the meniscus lens 
near its peripheral edge {9 mm from the optical 
axis) are focused at a back distance, D, 93 - 95 
mm from the lens; rays passing through the 

w meniscus lens 5.5 mm from the optical axis are 
focused at a back distance of 100 mm from the 
tens; and rays passing through the lens directly 
through the optical axis are focused at a distance 
of 103.7 mm. The diversity of focal points of the 

75 rays passing through the meniscus lens at different 
radii ensures that a relatively small obscuration 
may be used to block most of the laser energy 
which is significantly contributing to the high 
fluence point without retarding the laser energy 

20 which is less significantly contributing to the high 
fluence point. For example, as shown in FIGURE 5, 
an obscuration having a 7 mm diameter (3.5 mm 
from the optical axis on the ordinate) will eliminate 
the laser energy which would ordinarily cross within 

25 a 100 um diameter spot at the focal point 103.7 
mm from the iens. Thus, the 7 mm obscuration 
would prevent sharp focusing of the laser beam by 
blocking the group of rays which would ordinarily 
cross the optical axis 16 in close proximity to each 

30 other near the focal point, thereby preventing po- 
tentially damaging fluence levels near the focal 
point. Since only 7 mm of the original 20 mm 
diameter laser aperture is obstructed, a relatively 
large amount of energy remains for coupling into 

35 the optical fiber, yet with a substantially reduced 
peak fluence level. 

The size of the obscuration may be chosen 
based on the volume of rays which gather near the 
paraxial focal point after being focused by the 

40 meniscus lens as indicated in FIGURE 5. A balance 
must then be struck in determining the desirable 
size of the obscuration. FIGURE 5 illustrates that 
an increased obscuration size will cut out a larger 
portion of the high fluence central section of the 

45 converged beam, yet that a relatively small ob- 
scuration size (approximately 7 mm diameter) will 
cut out a relatively large amount of the rays contri- 
buting to the peak fluence center (all rays crossing 
the paraxial line within an area of approximately 

so 100 um diameter at the focal point). FIGURE 4 
illustrates that for the 7 mm obscuration, peak 
fluence may be reduced from approximately 167 
mJoule/mm 2 per mJ of laser energy to approxi- 
mately 60 mJoule/mm 2 per mJ of laser energy, 

55 when intrinsic beam divergence is included. FIG- 
URE 3 illustrates that peak coupling efficiency is 
reduced by the inclusion of the obscuration and 
that peak coupling efficiency decreases with in- 
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creased obscuration size. By correlating the ob- 
scuration size advantages shown in the above 
curves, a preferred obscuration size to minimize 
peak fluence while maximizing coupled energy and 
coupling efficiency may be obtained. 

The location of the incident end 42 of the 
optical fiber 40 may now be determined with refer- 
ence to FIGURES 4 and 6. FIGURE 4 illustrates 
that the location of peak fluence for the unobscured 
beam is at a back distance approximately 102.5 
mm from the meniscus lens along the paraxial line. 
This distance where the peak fluence level occurs 
is closer to the meniscus iens than the paraxial 
focal point located at 103.7 mm. Similarly, the peak 
fluence levels for the obscured beams, as shown in 
FIGURE 4, are also located at back distances clos- 
er to the meniscus iens than the paraxial focal 
point 

FIGURE 6 identifies locations where the peak 
fluence point occurs (102.5 mm) and where the 
paraxial focal point occurs (103,7 mm) on a graph 
illustrating the energy coupling efficiency as a func- 
tion of fiber placement. For an unobscured beam, 
the greatest coupling efficiency occurs when the 
incident end 42 of the optical fiber 40 is placed 
approximately 93 mm from the meniscus lens. At 
this location, the cross sectional area of the con- 
verging beam is at a minimum and, ideally, this 
cross sectional area is equal in size to the core 
area of the optical fiber. Thus, when the incident 
end of the 800 urn fiber described in FIGURE 6 is 
placed at a back distance of 93 mm, the converged 
beam should have a cross sectional diameter of 
800 urn and will achieve 95% coupling efficiency 
into the optical fiber. With this arrangement, both 
the maximum fluence point and the paraxial focal 
point are located within the optical fiber. Prior art 
structures taught that the incident end of the optical 
fiber should be placed further from the lens than 
the focal point of the converging beam, otherwise 
potentially damaging fluence levels existed at the 
input end of the fiber. The embodiment of the 
present invention described above, however, 
achieves high energy coupling efficiency with re- 
duced fluence levels by spherically aberrating the 
excimer beam and placing the incident end of the 
optical fiber at a focation closer to the lens than 
both the location of maximum fluence and the 
paraxial focal position. 

An additional advantage is gained by the above 
described embodiment. Ordinarily, the focusing ef- 
fect of a lens results in a nonuniform distribution of 
energy toward the central, paraxial region of the 
focal spot. The spherical aberration imposed by the 
meniscus lens described above, however, folds the 
energy which is distributed at the periphery of the 
laser spot into the energy which is distributed at 
the center of the laser spot. The resultant laser 



spot is characterized by more homogeneously dis- 
tributed energy across the laser beam's cross sec- 
tional profile. 

A meniscus lens is not a unique embodiment 

5 to the present invention. Alternatively, a single dou- 
ble convex lens may be used to create a blurred 
focal spot to reduce the high fluence levels at the 
incident end of the optical fiber. Further, a plurality 
of lenses may be used rather than a single 

w meniscus or double convex fens. The preferred 
embodiment described above may be realized us- 
ing an obscuration of 8mm with a positive 
meniscus lens of fused silica having a first radius 
concave toward the laser of 80 mm, a second 

is radius convex to the laser of 34.19 mm. Alternative 
configurations of the positive meniscus lens include 
first and second surface radii of 23 mm convex and 
34.51 mm concave; 50 mm concave and 27.88 mm 
convex; or 34.51 mm concave and 23 mm convex, 

20 used with obscurations of 7.5 mm, 6.0 mm and 5.3 
mm, respectively. 

The optical fiber may be composed of fused 
silica or other materials which will be known to 
those skilled in the art. The present invention may 

25 be used to couple peak power on the order of a 
megawatt or more. 

The laser may be an ultraviolet laser. 
While the applicant has described the invention 
in connection with what the applicant considers to 

30 be the most practical preferred embodiments, the 
applicant does not limit the invention to the dis- 
closed embodiments but, on the contrary intends 
the invention to cover various modifications and 
equivalent arrangements included within the spirit 
35 and scope of the appended claims. 

Claims 

40 1. An optical system, comprising: 

means for generating a laser beam; one or more 
optical fibers for accepting the laser beam; and 
lens means for spherically aberrating the beam to 
reduce the peak fluence level of the beam to below 

45 the damage threshold level of the fiber before the 
one or more optical fibers accepts the beam. 

2. An optical system according to claim 1, Wherein 
the lens means comprises a meniscus lens. 

3. An optica] system according to claim 2, wherein 
so the meniscus lens is a positive meniscus lens. 

4. An optical system according to claim 1, wherein 
the means for generating is an ultraviolet laser. 

5. An optical system according to claim 1 , wherein 
the means for generating is an excimer laser. 

55 6. An optical system according to claim 1, further 
including obscuration means for blocking a portion 
of the beam from reaching the one or more optical 
fibers. 
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7. An optical system according to claim 1 , wherein 
the fiber is composed of fused silica. 

8. An optical system according to claim 1, wherein 
the one or more optical fibers are adapted to 
accept the beam having a peak power up to ap- 
proximately one megawatt. 

9. An optical system according to claim 6, wherein 
the obscuration means is a circular obscuration 
means. 

10. An optical system according to claim 8, 
wherein the circular obscuration means has a diam- 
eter between 4 mm and 8 mm. 

11. An optical system according to claim 9, 
wherein the lens means is characterized by an 
optical axis, the circular obscuration being centered 
at the optical axis. 

12. An optical system according to claim 3, 
wherein the positive meniscus lens has a focal 
length between 50 mm and 150 mm. 

13. An optical system according to claim 3, 
wherein the positive meniscus lens has a diameter 
of substantially 20 mm. 

14. An optical system according to claim 1, 
wherein: 

the incident end of the fiber includes a core having 
a core cross sectional area, 
the lens means converges the spherically aber- 
rated beam, and 

the converged beam has a minimum cross sec- 
tional area substantially equal to the core cross 
sectional area. 

15. An optical system, comprising: 

means for generating a substantially collimated 
beam; 

a fiber, having an incident end; 
means for converging the substantially collimated 
beam onto the incident end of the fiber and for 
blurring the converged beam at the incident end of 
the fiber; and 

means for partially obscuring the substantially col- 
limated beam before converging the beam. 

16. An optical system, comprising: 

means for generating a substantially collimated 
beam; 

a positive meniscus lens having a center axis and a 
paraxial focal length, the beam passing through the 
meniscus lens; and 

optical fiber means having an incident end to re- 
ceive the beam passed through the meniscus lens, 
the incident end being supported along one center 
axis closer to the (ens than the paraxial focal 
length. 

17. An optical system according to claim 16, 
wherein: 

the positive meniscus lens includes an edge and a 
center, the lens converging the beam so the por- 
tion of the beam passing through the edge of the 
lens is converged more rapidly than the portions of 



the beam passing through the lens closer to the 
center of the lens, the nonuniformly converged 
beam having a minimum converged cross section, 
and 

5 the incident end of the optical fiber means being 
supported at the minimum converged cross sec- 
tion. 

18. An optical system according to claim 17, 
wherein the incident end of the fiber includes a 

w core having a core cross section, the core cross 
section being substantially identical to the mini- 
mum converged cross section. 

19. An optical system according to claim 17, fur- 
ther including means for partially obscuring the 

75 beam passing through the meniscus lens. 

20. An optical system according to claim 19, 
Wherein the means for partially obscuring is a 
circular obscuration. 

21. An optical system according to claim 20, 
20 wherein: 

the meniscus lens has a diameter of substantially 
20 mm, 

the circular obscuration has a diameter of between 
4 mm and 8 mm, and 
25 the positive meniscus lens has a focal length be- 
tween 50 mm and 150 mm. 

22. A method of coupling a beam into an optical 
fiber, comprising the steps of: 

substantially collimating the beam; 
30 passing the beam through a lens to spherically 
aberrate the beam and to create a paraxial focal 
point; and 

positioning the optical fiber to accept the beam 
passed through the lens at a distance closer to the 
35 meniscus lens than the paraxial focal point. 

23. A method according to claim 22, wherein the 
step of passing is accomplished by passing the 
beam through a meniscus lens. 

24. A method according to claim 22, further includ- 
40 ing the step of: 

partially obscuring the beam. 
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